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 Chapter 18 
 Radiocesium Concentrations in the Muscle 
and Eggs of Salmonids from Lake Chuzenji, 
Japan, After the Fukushima Fallout 
 Shoichiro  Yamamoto ,  Tetsuya  Yokoduka ,  Ken  Fujimoto ,  Kaori  Takagi , 
and  Tsuneo  Ono 
 Abstract  Approximately 18 months (September–December 2012) after the 
Fukushima Dai-ichi Nuclear Power Plant accident, elevated radiocesium concentra-
tions were detected in muscle and egg samples from masu salmon ( Oncorhynchus 
masou ), kokanee ( Oncorhynchus nerka ), brown trout ( Salmo trutta ), and lake trout 
( Salvelinus namaycush ) from the Lake Chuzenji system, central Honshu Island, 
Japan (160 km from the station). Mean muscle concentrations were 142.9–249.2 Bq/
kg-wet, and mean egg concentrations were 38.7–79.0 Bq/kg-wet. No relationship 
between fork length and muscle radiocesium concentration was observed in any of 
the species, but signifi cant relationships were found between individual muscle and 
egg radiocesium concentrations from masu salmon, brown trout, and lake trout. 
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18.1  Introduction 
 A Japanese governmental agency (Fisheries Agency) and local governments initi-
ated monitoring programs soon after the Fukushima fallout to monitor radioactivity 
contamination in freshwater and marine fi sh and invertebrates in the affected areas. 
The results revealed that radiocesium contamination was transferred quickly to 
freshwater and marine ecosystems, and elevated radiocesium concentrations were 
detected in many fi sh and invertebrates (Fisheries Agency  2012 ). These concentra-
tions decreased over time in most of the epipelagic fi sh and neustonic organisms 
(Buesseler  2012 ). However, some demersal fi sh off the coast of Fukushima and 
some freshwater fi sh in central and northern Honshu Island continue to exhibit 
higher radiocesium concentrations (Tateda et al.  2013 ). Freshwater masu salmon 
( Oncorhynchus masou ) from the Niida River in Fukushima Prefecture contained the 
highest measured radiocesium concentrations in March 2012 (18,700 Bq/kg-wet 
weight; Fisheries Agency  2012 ). Restrictions have been placed on shipping and 
consumption of 19 commercially important freshwater fi sh and invertebrate species 
as of October 2013 in the extensive deposition area of central and northern Honshu 
Island. 
 Because of differences in osmoregulatory physiology, radionuclides usually bio-
accumulate at higher concentrations in freshwater compared with marine fi sh. After 
the Chernobyl nuclear accident (Ukraine), higher radiocesium concentrations per-
sisted in freshwater fi sh from several European lakes for 10 years and more (Jonsson 
et al.  1999 ; Brittain and Gjerseth  2010 ; Rask et al.  2012 ). Lake-dwelling freshwater 
fi sh in high deposition areas may also sustain long-standing radionuclide contami-
nation, which results from radionuclide recycling within the aquatic environment 
(Smith and Comans  1996 ). In this chapter, we describe radiocesium concentrations 
in muscle and eggs of masu salmon, kokanee,  O. nerka ; brown trout,  Salmo trutta; 
and lake trout,  Salvelinus namaycush , from the Lake Chuzenji system, central 
Honshu Island, Japan (Fig.  18.1 ) to understand the effects of radionuclide 
 contamination on salmonid fi sh. Although Lake Chuzenji is approximately 160 km 
from the Fukushima Dai-ichi Nuclear Power Plant (FNPP) in linear distance, the 
lake watershed area received radiocesium deposits of 8–36 kBq/m 2 after the 
Fukushima accident (Fisheries Research Agency  2012 ). Salmonid fi sh support 
important recreational and commercial fi sheries throughout the Japanese 
Archipelago. Salmonid eggs (usually raw eggs) are also an important food resource 
for the Japanese. 
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18.2  Study Area (Lake Chuzenji) 
 Lake Chuzenji (36°44′ latitude, 139°27′ longitude) is an oligotrophic, cold-water 
lake system located in Nikko, Kanto District, Japan (mean surface water quality: 
pH, 8.2; chemical oxygen demand, 1.4 mg/l; total phosphorus, 0.004 mg/l; total 
nitrogen, 0.26 μg/l; chlorophyll  a , 2.4 μg/l) (Tochigi Prefecture Japan  2012 ). At 
1,269 m above sea level, it is the highest major natural lake in Japan. It is approxi-
mately 11.5 km 2 in surface area and 163 m in maximum depth (Yokoyama and 
Yamamoto  2012 ). The water turnover rate is about 6 years. No fi sh originally inhab-
ited Lake Chuzenji. However, many freshwater fi sh, mostly salmonids, have been 
introduced repeatedly since 1873. The lake system is currently inhabited by four 
exotic salmonids, namely brook trout,  Salvelinus fontinalis ; lake trout, brown trout, 
rainbow trout,  O. mykiss ; and three native Japanese salmonids, white-spotted charr, 
 Salvelinus leucomaenis ; masu salmon, and kokanee. Different masu salmon subspe-
cies ( O. masou masou and  O. masou subsp.) were introduced in the 1880s. The 
current thinking is that the masu salmon in Lake Chuzenji are an admixture of two 
subspecies or a hybrid between two subspecies and are often referred to as 
“Honmasu” (Munakata et al.  1999 ). Detailed descriptions of Lake Chuzenji and its 
fi sh fauna are provided in Yamamoto et al. ( 2010 ) and Yokoyama and Yamamoto 
( 2012 ). 
 Fig. 18.1  A photograph of Lake Chuzenji 
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18.3  Muscle Radiocesium Concentrations in Salmonid Fish 
 Mature female masu salmon, kokanee, brown trout, and lake trout were collected 
from Lake Chuzenji using angling gear and gill nets from October to December 
2012. Masu salmon and kokanee that were migrating upstream for spawning during 
September–October 2012 were collected from a weir located in a Lake Chuzenji 
inlet stream that passes through Fisheries Research Agency (FRA) property. Stream- 
dwelling  S. trutta were also collected using electrofi shing equipment from the 
Toyama Stream, a main Lake Chuzenji inlet stream (Fig.  18.2 ). 
 Mean radiocesium concentrations ( 134 Cs +  137 Cs) in muscle of masu salmon, 
kokanee, brown trout, and lake trout collected from the lake were 236.5 ± 57.2 [Bq/
kg-wet ± standard deviation (SD),  n = 13], 149.9 ± 19.6 ( n = 13), 249.2 ± 39.6 ( n = 10), 
and 146.9 ± 52.2 ( n = 7), respectively (Fig.  18.3 ). The relationship between fork 
length and radiocesium concentration was not statistically signifi cant for any of the 
four species ( r = 0.24–0.59,  P < 0.05). Mean muscle radiocesium concentration (± 
SD) in brown trout samples collected from the inlet stream was 36.7 ± 15.6 Bq/kg- 
wet ( n = 10). The difference in radiocesium concentration between lake- and stream- 
dwelling brown trout was statistically signifi cant ( F = 248.93,  d.f. = 1,18,  P < 0.001). 
A signifi cant difference in muscle radiocesium concentration was observed among 
the four species collected from the lake ( F = 16.38,  d.f. = 3,38,  P < 0.01). Masu 
salmon and brown trout had higher radiocesium concentrations than those of 
kokanee and lake trout (Bonferroni multiple comparisons). 
 Mean muscle radiocesium concentrations in the four species measured during 
the study period were 142.9–249.2 Bq/kg. Muscle radiocesium concentrations were 
also greater than 100 Bq/kg in co-distributed species [rainbow trout, freshwater 
goby,  Rhinogobius sp., and smelt (whole body)  Hypomesus nipponensis ; Fisheries 
Agency  2012 ; Fisheries Research Agency  2012 ]. The Ministry of Health, Labor, 
and Welfare, Japan placed restrictions on shipping fi sh with more than 100 Bq/kg 
radiocesium. All salmonid fi shing activities, except for catch-and-release, were pro-
hibited in Lake Chuzenji as of June 2014. 
 Muscle radiocesium concentrations differed among species and between habitats 
within species. Lake Chuzenji masu salmon and brown trout had higher radioce-
sium concentrations than those of kokanee and lake trout. Lake-dwelling brown 
trout had much higher concentrations than those of inlet stream-dwelling brown 
trout. These differences may be related to differences in species-specifi c food intake 
or food availability or both. Radiocesium accumulation in freshwater fi sh organs 
results mainly from food intake (Hewett and Jefferies  1976 ; Forseth et al.  1991 ; 
Ugedal et al.  1995 ; Yamamoto et al.  2014a ). Lake Chuzenji kokanee consume 
mostly zooplankton or chironomid larvae, whereas masu salmon, brown trout, and 
lake trout are omnivorous (Japan Fisheries Resource Conservation Association 
 2003 ,  2008 ). Higher radiocesium concentrations were found in benthic fi sh from 
Lake Chuzenji during September–November 2012 compared with zooplankton 
 species (Fisheries Research Agency  2012 ). A case study of a Norwegian lake 
 conducted after the Chernobyl reactor accident showed that brown trout feeding 
mostly on zoobenthos had higher radiocesium concentrations compared with those 
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 Fig. 18.3  Relationships between fork length and radiocesium concentrations in muscle of masu 
salmon ( a ), kokanee ( b ), brown trout ( c ), and lake trout ( d ) collected in Lake Chuzenji, Japan, from 
September to November 2012.  Solid triangles indicate brown trout collected from the Lake 
Chuzenji inlet stream 
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of sympatric Arctic charr ( Salvelinus alpinus ), which are planktonic feeders (Forseth 
et al.  1991 ). Segregated habitats with different dominant prey species could also 
cause differences in radiocesium accumulation in freshwater fi sh; Lake Chuzenji 
brown trout mainly prey on benthic gobies and smelt (Japan Fisheries Resource 
Conservation Association  2003 ), whereas inlet stream-dwelling brown trout feed on 
aquatic and terrestrial insects. 
 Radiocesium concentrations varied individually in the four salmonid species, 
regardless of body size. The variation was more pronounced in omnivorous masu 
salmon, brown trout, and lake trout than that in the planktonic kokanee. Radiocesium 
concentrations also varied within salmonid food items. For example, in October–
November 2012, Lake Chuzenji  Ephyra sp. shrimp contained 128–132 Bq/kg 
( 134 Cs +  137 Cs),  Palaemon sp. shrimp contained 47–94 Bq/kg, the freshwater sculpin 
 Cottus reinii contained 166–211 Bq/kg, and freshwater goby contained 86–145 Bq/kg 
(Yamamoto and Yokoduka, unpublished data). These species are major food sources 
for masu salmon, brown trout, and lake trout. Size-independent individual varia-
tions in diet composition may be one of the most important factors affecting varia-
tions in radiocesium accumulation, as suggested by Ugedal et al. ( 1995 ), who 
examined Arctic charr and brown trout in a Norwegian lake. 
 Mean radiocesium concentration in lake trout, which prey mainly on small fi sh and 
aquatic insects, was lower than that in masu salmon and lake-dwelling brown trout. 
Therefore, diet composition does not completely explain the observed radiocesium 
accumulation patterns. Differences in metabolic rates could also partially explain dif-
ferences between fi sh species. Metabolic rate, which is dependent on water tempera-
ture, could affect radionuclide intake, retention, and excretion rates (Elliott et al.  1992 ; 
Ugedal et al.  1992 ) and thus predicts ecological half-life (Doi et al.  2012 ). We did not 
collect data on the metabolic rates of lake trout or the other co-distributed salmonids 
in Lake Chuzenji. However, lake trout are larger at maturity than other species, which 
would affect metabolic rate, food intake, and radiocesium excretion rates. 
18.4  Radiocesium Concentrations in Salmonid Eggs 
 Mean radiocesium concentrations ( 134 Cs +  137 Cs) in masu salmon, kokanee, brown 
trout, and lake trout eggs were 79.0 ± 19.1 (Bq/kg-wet ± SD,  n = 13), 53.8 ± 6.9 
( n = 13), 38.7 ± 30.7 ( n = 20), and 54.5 ± 22.5 ( n = 7), respectively (Fig.  18.4 ). The 
difference was statistically signifi cant among the four species ( F = 8.07,  d.f. = 3, 49, 
 P < 0.001). In brown trout, mean radiocesium concentration (±SD) in eggs collected 
from Lake Chuzenji fi sh was 65.6 ± 17.5 Bq/kg ( n = 10). Mean radiocesium concen-
tration in eggs collected from fi sh inhabiting the inlet stream was 11.9 ± 9.2 Bq/kg 
( n = 10). This difference was statistically signifi cant ( F = 73.86,  d.f. = 1, 18, 
 P < 0.001). There were signifi cant relationships in radiocesium concentration 
between individual muscle and egg samples from masu salmon ( r = 0.80,  P < 0.01), 
brown trout ( r = 0.96,  P < 0.0001), and lake trout ( r = 0.90,  P < 0.01). Analysis of 
covariance, in which egg radiocesium concentration was the dependent variable and 
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muscle radiocesium concentration was the covariate, revealed that the cesium con-
centrations between individual muscle and egg was signifi cantly different among 
the four species ( F = 8.94,  d.f. = 3, 48,  P < 0.001). For brown trout, egg radiocesium 
concentrations were signifi cantly lower than the concentrations in the other three 
salmonid fi shes (Bonferroni multiple comparisons). 
 The mean radiocesium concentration ratio in eggs compared with that in muscle 
were 0.34 for masu salmon, 0.36 for kokanee, 0.28 for brown trout, and 0.37 for 
lake trout. These ratios were similar to the ratios in co-distributed wild white- spotted 
charr (0.31) and rainbow trout (0.34; Yamamoto et al., unpublished data). Our anal-
yses also revealed that radiocesium concentrations in masu salmon, brown trout, 
and lake trout eggs increased proportionally with muscle concentrations. This rela-
tionship has not been reported previously and suggests that radiocesium levels in 
salmonid muscle constitute a convenient surrogate for radiocesium concentrations 
in eggs. Salmonid eggs are important for hatchery production programs and as food. 
Release of hatchery-reared fi sh into many Japanese lakes and rivers, including the 
Lake Chuzenji system, contribute to immediate resource enhancement and supple-
ment wild fi sheries, which are essential components of successful freshwater fi sher-
ies management programs (Kitada  2001 ). Although current radiocesium levels in 
individual eggs were low, radiocesium turnover studies for each fi sh species, includ-
ing elimination rate estimates, and biological and ecological half-lives at each life 
history stage would be indispensable to further investigate this issue. 





















































 Fig. 18.4  Relationships between radiocesium concentrations in muscle and eggs of masu salmon 
( a ), kokanee ( b ), brown trout ( c ), and lake trout ( d ) collected from Lake Chuzenji, Japan, from 
September to November 2012.  Solid triangles indicate brown trout collected from the Lake 
Chuzenji inlet stream 
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